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Migration of radionuclides in soils and their transfer to 
edible plants are usually esnmated using volume-averaged 
bulk concemratlons However, radionuclides might not 
be homogeneously distributed in soils due to heterogeneous 
water flow and solute transport One important cause of 
heterogeneous transport is preferentral flow The aim of this 
study was to investigate the spatial dimbution of 
radionuclides in the soil in relation to preferential flow 
paths and to assess the possible consequences for their 
transfer from soil to plants We identified the preferential 
flow paths in a forest soil by staining them wlth a blue 
dye, and we compared radionuclide activtty in samples from 
the stained preferential flow paths wnh those from the 
unstained soil matrix The activities of the atmospherically 
deposned radionuclides '%s, 2roPb, mJ''Pu, 238Pu, and 
z4!Am were enriched in the preferentlal flow paths by a 
factor of up to3 5 Desprte their different deposmonal histones, 
the distribution of the radionuclides between preferential 
flow paths and matrix was similar Our findings indicate 
increased transport of radionuclides through the preferential 
flow paths, representing a possible risk of groundwater 
contamination Funhermore, enrichment of radionuclides in 
the preferential flow paths might influence the uptake by 
plants The heterogeneous radionuclide distribution in the 
soil and the more intense rooting in the preferential flow 
paths can be incorporated into soil-to-plant transfer models 
Taking the correlated radionuclide and root distribution 
between the two flow regions into account provides a more 
physical and biological basis for the calculation of plant 
activties with transfer modelsthan using the homogeneously 
mixed bulk soil activities as input parameters 

Introduction 
Migratlon of elements such as radionuclides and them transfer 
from soil to plants are estimated w t h  bulk sod activlties, 
although it is known that water flow and solute transpon in 
soils is often heterogeneous (1 -5) Such heterogeneities. one 
of them being preferential flow, are the rule rather than the 
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excepaon (6) Preferential flowis the rapid transport of water 
and solutes, bypassmg a large part of the sod matnx and 
therefore affecting only a small portion of the whole soil 
volume Short-term laboratory and field expenments showed 
that preferential flow plays an important role mthe transport 
of highly sorbing solutes such as pesticides ( 7 )  However, to 
our knowledge, no long-term field expenments exlst that 
assess the impact of preferential flow on the spatial distnbu- 
tion of sorbing substances I t  affects the leaching process of 
such substances toward the groundwater as well as their 
accessibility by plant roots 

To analyze the long-term impact of  preferential flow 
on the distribution of different tracers, we take advantage of  
the fallout of  radionuclides wth different depositional 
histories the single-pulse deposition of lq7Cs in 1986, the 
continuous deposition of 210Pb and the step-input deposi- 
tion of m240Pu, mPu, and z4LAm in the 1950s and 1960s The 
aim of this study was to investigate the spatial distnbution 
of these radionuclides in a soil profile in relation to 
preferential flow paths and to assess the consequences for 
the transfer from soil to plants 

Expenmental Methods 
The study presented here was conducted on four plots of 3 
rn by 7 rn situated on the corners of a well-Characterized site 
of  approxlmately 2 ha in Central Northern Switzerland from 
Apnl 1998 to May 1999 The site was planted in 1930 wth  
Norway spruce (Picea abies (L ) Karst ) as the dominant tree 
species mwed wth beech (FugussyfvuticaL ) and someother 
species The soil is an acid brown forest soil (Dystnc Cambisol 
(8)) Selected chemical and physical properties are gven m 
Table 1 

To determine the total atmosphenc deposition of radio- 
nuclides, we took samples (blocks wth the followng dunen- 
sions 14 cm wdth, 25 cm length, and 10 or 20 cm depth, 
see Table 2) to a depth of 0 6 m at one of the four plots 
To stain the preferential flow paths in the sod we applied 

45 mm of a dye solution (deionized water containing 3 g L-' 
Bnlhant Blue FCF (C142090)) in 6 hwth  a portable sprinkling 
devlce (6, 9) at a constant rate that did not cause ponding 
This corresponds approxlmately to a heavy thunderstorm 
shower One day after dye application, we opened a trench 
to 1 2  m depth A vertical soil profile of 1 m by 1 m was 
preparedwthin the irrigated plot, 30 cm away from theplots' 
border, and photographed These photos (n = 100) were 
then used to quantify the proportion of the profile area st ined 
wth  Brilliant Blue This dye coverage is a measure for the 
volumetric proportion of preferential flow paths In dehn- 
eated depths of0-9,9-20 20-50, and 50-100 cm, samples 
were taken wth a small spatula from the stained regions, 
representing preferential flow paths, and from the unstained 
sod matru: On each of the four plots we sampled five profiles 
wth  a separation distance of 10 crn To determine the root 
biomass we used three small cores per depth and flow region 
(e g , preferential flow path and matnx) with a volume of 
9 07 cm3 each The cores were pushed carefully by hand into 
the soil perpendicular to the exposed face We repeated the 
same experimental protocol five times (04/98,06/98,10/98, 
04/99,05/99) After the soil had been oven dried and sieved 
(2 rnm), i37Cs and 2i0Pb were measured using y-spectroscopy, 
and 239 240Pu, usPu and z41Am the latter bemga decay product 
of z4IPu, were measured using a spectroscopy (10) Since 
preparation prior to analysis of 239240Pu 238Pu and 241Am is 
excessively time-consuming, we only measured a limited set 
of samples, namely depth-wse mlxed samples of the dates 
10198 and 04/99 
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TABLE 1 SUI Cbancteriaics (Mean of tbe hn Flats) d the 
Expenalent8l Sae 

C, bcrlkdensccy Crcr. rrmrrWu/cY (dkl 19 k r ' l  &cm-'l [nmabko-l [o k r ' l  
0-9 3 4  267 113 806 360/4291211 
9-20 3 7  1 1  8 132 625 375/423/202 

50-100 3 8  3 0  I56  065 29U456l250 
Effectivecation exchangecapaclty expressed asthesum ofcations 

ermctedwnh 1 MNH,NO~andasoil-solutionmtmof 1.25 *e=sand 
u = silt c = clay 

20-50 3 8  5 9  144 62.2 3601421n20 

TABU 2 Radionuclide laveatones (One Fkt) rf tbe 
Expenmental Slte 

'ab = P b  syp*pu "Am 
depth (vd[%l'\ {ud [%l\ (rd [%I\ (ud l%l\ 
[cml [Bqm-3 [Bqm-'I [Bqm-'I fBqm-21 

0-10 6251 (69) 2144 (52) 43.3 (59) 15 9 (58) 
10-20 1846 (20) 436 (10) 17 4 (24) 7.5 (27) 
20-40 596(7) 829 (20) 7 l(10) 3 1 (11) 
4-60 396 (4) 717 (17) 5 6 ( 8 )  0 8  (3) 

avd = venlwl dirtitbutton as percent of the total inventory of the 
roll orofile 

Statistical analyses for the i37Csand 210Pb and root biomass 
data were performed wth  the sohare S+ (Mathsoft, Seattle, 
version 5) The differences of the log-transformed achvrties 
between the preferential flow path and soil matnx samples 
were tested using analysis of vanance The statistical model 
used was asplit-plot-model wth  the plot as the block-factor, 
the depth and flow r q o n  as split-unit-factors, and the bme 
of sampling as the main-unit-factor The data were log- 
transformed to approxlmate a normal distnbution of the 
residuals The residuals were checked for normality and 
independence using the normal-probability-plot and the 
Tukey-Anscombe-plot For 2i0Pb we used a paired t-test to 
test the difference between preferential flow paths and matnx 
wthin individual depth zones, although we are aware that 
samples within one plot may be spatially dependent 

Results and Discussion 
Radionuclide Inventory The total 137Cs inventory (Table 2) 
compared well to the sum of the lq7Cs fallout followng the 
atomic bomb testing in the 1960s (-2 7 kBq m-2) and the 
Chernobyl accident in 1986 (-6 kBq n r 2 ,  both calculated for 
May 1 ,  1986) (11) Most of the i37Cs (69%) can still be found 
in the uppermost 9 cm The agreement between measured 
and published results is also satisfactory for 23924Z'OPu w t h  a 
measured inventory of 73 4 Bq m-2and published data of 81 
f 18 5 Bq m-2 (12) and for 24iAm with a measured inventory 
of 27 3 Bq m2 compared to the pubhshed inventory of 31 
f 7 Bq (13) *IoPb is an intermediate member of the 
decay chain of Its presence in soil samples relates to the 
decay of U present in the sod (I e , supported ZioPb, analogous 
to soll background) and to atmosphenc deposition of zioPb 
formed from gaseous "Rn escaped to the atmosphere 
(unsupported 2i0Pb) To estimate the portion of supported 
ZioPb, we subtract the mean activity of matrix soil samples 
from a depth below 9 cm (Table 3), assuming \~rtuaUy no 
atrnosphencally denved 2i0Pb could have reached the sorbing 
matm below the surface horuon We chose this method 
rather than derivation on the basis of the precursorY6Ra and 
an assumed "2Rn loss history The latter can hardly be 
quantified as I t  depends on the soil water content (14) TO 
test the validity of this simplified procedure, we compared 
the measured unsupported ZiOPb inventory (Table 2) wtth a 
modeled lnventory Knowmg the atmosphenc depositlon rate 
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of 2i0Fb (P = 140 Bq m-2 y-l (15) for Zunch, located 
approxlmately 20 km SE of our site), we can model the ZioPb 
inventory (0 w t h  the followng equation 

where1 is the decay constant of  zioPb (0 03108 y-9 and f the 
time penod of deposition and decay The saturation level of 
4500 Bq m-2, reached after 100 y, compares well w t h  the 
measured inventory of  4100 f 200 Bq m-2 CTable 2) 

Preferentd Flow Paths An example of  water flow 
heterogeneity is depicted by the dye distribuhon (Figure 1) 
The proportion of preferential flow paths, expressed as dye 
coverage, decreases with depth, being 0 69,O 38,O 13, and 
0 02 in the four different depth zones from top to bottom 

There is a significantly higher root biomass in the 
preferential flow paths than in the matnx (p < 0 001, see also 
Table 1) Roots often s h w  a preference for growng in 
macroporous interstices rather than in thedenser sod matruc 
or aggregates (16-19) 

Radionuclide Distribution in Relauon to Preferential 
Flow Paths IJ7Cs The i17Cs actimty is significantly higher in 
the preferential flow paths as compared to the matnx (p  < 
0 001) In 0-9,9-20, and 20-50 cm depth the i37Cs activity 
m the preferential flow paths exceeds that of the matm by 
factors of 2 2, 2 4, and 3 5, respectively The differences in 
the indimdual depth zones are statistically significant as well 
(Table 3)  From 50- 100 cm, the i37Cs actiwty is close to the 
detection limit in both matnx and flow path soil wth no 
statistically significant difference between the two flow 
regons 

The 137Cs actimties are tracing the recent flow paths and 
highlight the importance of preferential flow for the spatial 
distnbution of radionuclides and the temporal stability of 
the observed flow paths over a period of at least 13 y Most 
of the i3'Cs onginates from the Chemobyl accident on Apnl 
28,1986, and was deposited mainly dunng a single rainstorm 
on May 1, 1986 (20) High rainfall intensities are known to 
promote preferential flow and the transport of rather 
immobile compounds such as pesticides ( 7 )  

210Pb The distnbution of 2iUPb between preferential flow 
paths and matrm is almost the same as in case of i37Cs The 
actimties of  *IOPb are significantly higher in the preferential 
flow paths than in the matrlx ( p  = 0 OOl), by a factor of  1 9 
in 0-9 cm, 1 3 in  9-20 cm, and 1 3 in 20-50 crn depth (Table 
3) 

Atmospheric LioPb is removed from the atmosphere by 
dry and wet deposition This represents a steady input into 
the sod Despite temporal variations of the 2i0Pb deposition, 
on time scalesof a year or more, the atrnosphenc flux remains 
fairly constant (21, 22) Therefore the 2inPb input was 
continuous and more or less uiiiform whereas 13'Cs was 
introduced into the system approxlmately as a single pulse 
input The simdarity in their distributions in thesoil in relation 
to the preferential flow paths suggests that the flow paths 
that were actively conducting water during the time period 
of the Chernobyl fallout are largely the same ones that were 
Yactive' over the course of years 

ug240Pu and z41Am In contrast to 137Cs and *I0Pb, the 
activrties of vg240Pu and 24iAm seem to be only slightly 
ennched in the preferential flow paths of the topsoil (0-9 
cm) To compare the various radionuclides, we calculated 
the activrty differences between preferential flow paths and 
matnx samples and normalized themmth the mventory gwen 
in Table 2 Doing this, the differences between preferential 
flow paths and the matrlx of 239240Pu and 24iAm are only 
slightly smaller than those of 137Cs and 210Pb In 9-20 cm 
depth, 239240Pu and 241Am activities are markedly larger in 
the preferential flow paths At even greater depths, both 



TABLE 3. Acbvities of Ikdioeuckdes and Best Btomast k Stained Fkw Paths and Unstained Sod M a w  
rwt 

depth biomass' '"b' =Pb= = A d  =-Pud =Pu' 
Icnl tom-') 169 kg-7 Dq kg-'l lBqkg-'l m e *  lBq kg-'] m e  IBq kg-'I m e  

Row Paul 
0-9 1654*+ 82 6*+ 60 09** 0 33 0 03 0 78 0 04 0 032 0 003 
9-20 859" 12 7" 21 22* 0 08 0 01 0 23 0 01 0 008 0 002 

20-50 645** 4 4- 18 49+ 0 015 0 004 0 02 0 01 c LD 
50-100 nmf 0 9  20 09 0 006 0 002 0 01 0 01 <LO 

Matnx 
0-9 1022 37 9 32 13 0 27 0 03 0 66 0 03 0 021 0 003 
9-20 509 5 3  15 94 0 045 0 01 0 11 0 01 0 003 0 001 

20-50 226 126 14 64 CLDO < LD <LD 
50-100 nmr 0 85 22 32 4 LO <LD -z LO 

Difference between Preferential flow paths end matnx IS aatisticelly significant (p < 0 01 and p < 0 05 respectively) Fine roots ( < 2  mml 
'=Cs activities are decay corrected to March 1 1998 Measured "b (supponed and unsupported) e a measurements are decay corrected to 

tha &le of measurement (February 1999) Measurement error 'Not measured 0 Limn of detection 

AGURE 1 Soil profile wlth stained preferentral flow paths The 
image on the lefi show the black and white image of stained flow 
ptbt and unstained soil  matrix The image was digfiized and 
p m e s s e d  mth the W a r e  Adobe Photoshop 5 0 The inset exhibm 
details from 90 to 100 cm depth and shows the three-dimensionslrty 
of flow paths 

mtwPu and 24iAm were only detected in flow-path matenal 
The ratio ug240Pu/z41Am is remarkably stable in all samples 
(2 5 f 0 21, excluding samples with actiwties close to the 
detection limit (Table 3) These ratios lie in the same range 
as those of other samples of Swiss soils obtained in 1999 
(rroidevaux, unpublished data) This implies a similar 
migration rate of Pu and Am 

Plutonium was emitted into the atmosphere as a con- 
sequence of atmosphenc nuclear bomb tests and the SNAP- 
9A (Systems for Nuclear Awliary Power generator) satellite 
re-entry in the 1950s and early 1960s (12) It reached the 
ground both as dry and wet deposition in a vanety of rain 
events, attached to leaflitter, and as particles The importance 
of the depositional history for radionuclide migration and 
distribution in the soil is documented by other studies (13, 
23) 

The elevated actinties of I3'Cs, zroPb, 219240Pu, and 241Am 
in preferential flow paths highlight the importance of 
preferential flow for the mobility of strongly sorbing sub- 
stances and are an expression of the temporal stability of the 
preferential flow structures Generally, all radionuclides 
investigated in this study are rapidly immobillzed by soil 
particles and show a slow transport behawor in sods and 
sediments once they are adsorbed (13.23,24) Diffusion is 
probably negligible For example, Pu occurs in soils and 
sediments mainly in the form of tightly bound plutonium 
dioxlde (25) and has a high & (> 500 mL g-l) (2s) and a low 

diffusion coefficient ( -z cm2 s-l) (27) By companng 
nuclear weapon-denved cesium in soils between 1977 and 
1992, Smith et a1 found no vertical mobility dunng these 15 
years (28) 

The occurrence of radionuclides at greater depths implies 
an initial mobility during the first hours after deposition, 
when water flow and thus physical rather than chemical 
processes control their behawor After the initial displace- 
ment, redistnbution beween phases and surface reactions 
become more important We cannot rule out remobilization 
and translocation of radionuclides by co transport with 
dissolved or colloidal ligands ( I ,  26,29-31), but even in case 
of facilitated transport the main movement of radionuclides 
would still occur in preferential flow paths If we assume 
only an initial mobility of radionuclides immediately after 
deposition, we c a n  estimate the temporal stability of flow 
paths to be at least 40 y 

Relevance Radionuclidcs travel more rapidly through the 
supposedly strongly sorbing soil toward groundwater than 
expected based on the chromatographic transport concept, 
therefore prowding a nsk for the groundwater Recently, 
actinties of I3'Cs above the tolerance level were found in 
aquifers around Chemobyl (Ukraine) despite a thick soil layer 
that should have served as a natural filter (Shestopalov and 
Bohuslavsky, 2000 oral communication) 

The second important pathway from the soil to the human 
food chain is the uptake bv plants The transfer of elements 
such as I1'Cs from soil to plants is in most transfer models 
described by a transfer factor relating plant to soil concen- 
trations The transfer factor is obtained from greenhouse 
experiments using well mtxed unstructured soil materials 
(32) Commonly used transfer models, e g , the radionuclide 
dose estimation program ECOSYS which IS the basis of the 
emergency management systems in  Germany, Austna, and 
Switzerland and an integral part of  the European real time 
doseassessment system assumes homogeneous uptake from 
a defined soil volume (2) In the original equation 

(2) 

the plant concentration Cptao, is expressed in terms of the 
bulk concentration in the soil and the transfer factor F The 
bulk concentration C,,I is obtained by mwng the entire 
radionuclide inventory into the top 10 cm (grassland) or 25 
cm (arable land) of the soil Using the L37Cs deposition found 
at our study site and a transfer factor of 0 14 (32) yelds a 
I3'Cs actimty in fresh grass of 3 5 Bq kg-' for 25 crn mwng 
depth or 8 7 Bq kg-I for 10 cm mwng depth Equation 1 
yelds highly variable results depending on the rnwng depth 
over which we assume homogeneous distribution of radio- 
nuclides (Figure 2,  right-hand side) 
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FIGURE 2 Grass lnCs actlvmes calculated wlth the commonly used transfer model ECOSYS (eq 2 right-hand side) and wlth our transfer 
d e l  including preferential flow and inhomogeneous root distnbution (eq 3, left-hand side) ECOSYS calculates the MI/ InCs activity 
by mxing We deposltron of 11536 Bq mCr m-* homogeneously to a soil depth of 25 and 10 cm, respectively, wrth a bulk density of 1 4 g 
cm-a Transfer factors for grass are taken from Ng. 0 14 132). and MUIler and PrMhl. 0 05 (numbers in parentheses) (a 

Knowng the radionuclide and mot distnbution m the 
-11, we can estlmate the plant concentrations on a more 
physical and biolo@cal basis Since root biomass is ennched 
in the preferential flow paths as compared to the sod matm 
(Table 31, the elevated radionuclide actlvlbes in the prefer- 
entlal flow paths represent higher concentranons m the 
rhmsphere The following extended equabon illustrates how 
preferential ramonuclide dmnbution and inhomogeneous 
roomg can be incorporated mto sod-to-plant transfer models 

where j = 1 for preferential flow paths, j = 2 for sod matrur, 
Rh refers to the number of soil honzons, Az to the depths of 
the indiwdual honzons, Cto the radionuclide concentration, 
F to the transfer factor, and R to the relative root density 
expressed as 

rI(AzJ A,(Az,) 
R , ( b , )  = nh (4) -- 

~ -, . 

w t h  r, and A1 being the root density and the area of flow 
region J Thus, the root density in the two flow regions 
(preferential flow paths and matrut) IS weighed wth the area 
of the respectwe flow r w o n  to account for the ‘actual root 
distribution in the sod profile (for the distnbution of the root 
densities between preferential flow paths and matm wthin 
the indiwdual soil honzons, see Figure 2) The radionuclide 
achwty m plants can be calculated on the basis of eq 3 wth  
measured root and radionuclide concentrations in the 
preferenhal flow path and m a w  compartments, the areas 
of the two compartments (Table 3, Figure 21, and published 
transfer factors (in our example, they were assumed to be 
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equal for the two compartments) With measured 13’Cs 
actiwhes of preferenual flow paths and matm and the 
respechve root concentrations, we can estimate the contri- 
buhon of the two flow regons to the calculated plant 
acnwties By adding the contnbuhons of both flow regons, 
we calculate the plant a c m t y  to be 6 6 Bq kg-l (Figure 2, 
left-hand side) For the calculauon, we included the three 
depth zones from 0 to 0 5 m However, since the root biomass 
is relatively small in 20-50 cm depth and I3’Cs actlwties are 
low, the contnbuhon of the root uptake from 20 to 50 cm 
depth to the total plant activlty is smaller than 1% 

This example shows that the substantially different 
elemental concentrations of preferential flow paths and 
matnx may be a critical factor for calculating plant concen- 
trationswth a transfer model The differentiation of the flow 
re@ons is important, because the root distribution, which is 
a key factor for plant uptake, is biased toward higher root 
densities in the preferential flow paths Talungthe correlated 
radionuclide and root distribution between the two flow 
regons into account prowdes a more physical and biological 
basis for the calculation of plant actiwtles than mwng the 
entire deposition homogeneously over an arbitranly chosen 
depth This concept can also be applied to other elements 
such as heavy metals or nutrients 
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